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Time-Frequency Scaling Transformation
of the Phonocardiogram Based of
the Matching Pursuit Method

Xuan Zhang, Louis-Gilles Durand3enior Member, IEEELotfi Senhadji,Member, IEEE
Howard C. Lee, and Jean-Louis Coatrietellow, IEEE

Abstract—A time-frequency scaling transformation based on Inaudible ¢ Heart Sounds & Murmurs
the matching pursuit (MP) method is developed for the phonocar- : ;
diogram (PCG). The MP method decomposes a signal into a series
of time-frequency atoms by using an iterative process. The mod-
ification of the time scale of the PCG can be performed without
perceptible change in its spectral characteristics. It is also possible
to modify the frequency scale without changing the temporal
properties. The technique has been tested on 11 PCG'’s containing
heart sounds and different murmurs. A scaling/inverse-scaling
procedure was used for quantitative evaluation of the scaling
performance. Both the spectrogram and a MP-based Wigner dis-
tribution were used for visual comparison in the time-frequency
domain. The results showed that the technique is suitable and
effective for the time-frequency scale transformation of both the
transient property of the heart sounds and the more complex
random property of the murmurs. It is also shown that the
effectiver?ess of)t/he method is strongly related to the optimization 8 ® 32 6L 128 26 512 102 2048 L0%
of the parameters used for the decomposition of the signals. Frequency in cycles per second
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Index Terms—Heart murmurs, heart sounds, matching pur- Fig. 1. Intensity of heart sounds and murmurs in correspondence with the
suit (MP) method, phonocardiogram, signal processing, time- threshold of audibility and speech (from [4]). An important part of the intensity

frequency analysis, time-frequency scaling, wavelet transform. and frequency distribution of the heart sounds and murmurs is out of the
' ' human hearing range.

. INTRODUCTION difficult to distinguish two close components because the time
HUMAN can hear sound vibrations from 16—18 000 Hinterval between them is too small. This difficulty increases
[2], [4], but this audible range is highly related to thevhen the heart rate increases. As an example, it is often
sound intensity. Fig. 1 shows that the audible range of tifficult to recognize an opening snap when it is immediately
heart sounds above the threshold of audibility is approximatd@llowed by a long systolic murmur. This paper is a first
from 40-500 Hz, which represents a very small audible aredtempt to remove these limitations of auscultation through
The speech area is also displayed, indicating the optintdne-frequency scaling of the PCG based on the matching
range for auditory acuity. This explains why physicians capursuit (MP) method. The basic idea of time-scaling of the
sometimes detect atrial (S4) and ventricular filling (S3) soun®G is to expand the signal in time while keeping the same
by palpation rather than by auscultation [1], [2]. The complesQectral properties. For frequency scaling, two aspects are
structure of the phonocardiogram (PCG) generates additio¥eresting: 1) compress or expand the frequency band of the
difficulties for auscultation. For instance, it is sometimesignal and 2) shift a frequency band up or down to a desired
frequency range without changing the temporal properties
of the signal. Finally, joint time-frequency scaling can be
applied to a signal to modify both its time and frequency
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compression and expansion proposed by Lee [5], the timBdie parameterg,; are normalizing factors to keep the norm
domain harmonic scaling algorithms proposed by Malah [63f %;(¢) equal to one.
the scaling based on the short-time Fourier analysis andThe purpose of time scaling the PCG is to change the rate
synthesis developed by Portnoff [8], and a method based @i presentation while keeping the perceptual quality of the
the sinusoidal representation of speech proposed by Quat@iginal signal. For a uniform change in the time scale, the
and McAulay [10], [11]. The later method yields modificationsime ¢ of the original PCG is mapped into the transformed
of speech in both the time and the frequency domains witime scalet’ through the mapping
high quality. From the short-time spectrum of the signal, the ,
technique extracts the frequency, amplitude, and phase of t=v-t (4)
the sine waves, and the transformations are implemented
modifying these parameters before synthesis. However, this . .
. . . time scale compression. Thusg,is always larger than one. In

method was found to be ineffective for short complex tran5|e{ht . )

: . e MP method, the temporal properties of a time-frequency
sounds. Recently, a new approach for time-scaling of these

sounds was proposed by Quatietal. [9], which uses subbandato.m are relatg_d with t_he tlme-_posmqn and the scales_i
. ) . which are modified for time-scaling of the PCG. For an input
signal representation and channel phase correction.

In phonocardiography, no time-frequency scaling meth s(i)gnala?(t), the reconstructed_signar(t) by the MP method
has been proposed so far, due to the complex structure of em time-frequency atoms is given by

by o . Lo
bn our application, time scale expansion is more useful than

PCG and the difficulty in finding an analysis-synthesis method m—1 —
suitable to both the heart sounds and the heart murmurs. In a Z'(t) = Z aigi< ‘ Z) cos (27 fit + ¢;). (5)
companion paper [12], the MP method is described for the i=0 ¢

analysis and synthesis of PCG’s. This technique was fOUF_l
very suitable to the properties of both the heart sounds ap
the heart murmurs. In this paper, we first introduce three
types of transformation: time-scaling, frequency-scaling, and pi=v-pi, si=r-s. (6)

joint time-frequency scaling. In Section Ill, the PCG data base

and a quantitative evaluation of the scaling transformatioigie module, frequency and phase are not changed, so that the
is described. Then, the scaling transformations are applignthe-scaled version is

r time scaling, the time-position and the scale factors are
dified to give

in Section IV to normal and pathological PCG’s signals. m—1 ,
The results are evaluated by quantitative analysis in the time  ;/(¢/) = Z aig; <ﬂ) cos (2nfit + ). (7)
and the time-frequency domains, visual comparison of time- i—0 v S

frequency representations (TFR'’s), and auditory appreciation.
The TFR'’s of the PCG’s are computed with two method®. Frequency-Scaling of PCG Signals
the spectrogram of the signal and the MP-based Wig”erFrequency—scaling by the MP method is performed by

distribution as described in Section Ill. Finally, a discussiogca”ng the frequency’ of each time-frequency atom of the
and a conclusion are presented in Section V. signal by using

Il. THEORY ff=¢-f (8)

wheref is a scaling constant. Thus, the frequency-scaled signal

A. Time-Scaling of PCG Signals can be expressed as

The MP method represents a signdt) as a combination

of an infinite number of time-frequency atoms [7]. It can be i t—p;
written as q y [ ] .T/(t) = ; aigi< : ) COS (27T . 5 . fit + (/)z) (9)
+oo B
z(t) = Z a; - hi(t) (1) C. Joint Time-Frequency Scaling of PCG Signals
=0 Sometimes a joint time-frequency scaling is desired for
with changing both the time and the frequency properties of a
b _3 2 signal. The transformation is the combination of the time-
i(t) = i~ 9i(8) - wil?) (2) scaling and the frequency-scaling described above. Thus
and m—1 t/ _ .
t g ()= aigi<#> cos (2m - £ fit' + ¢s). (10)
g9i(t) =g\ — = Vs
ui(t) = cos (2m fit + ¢) (3) lIl. M ATERIALS AND METHOD

wherea; are the expansion coefficients. The parametg(the The data base of 11 typical PCG’s described in the com-
scale factors) are used to control the width of the waveforpanion paper [12] for the analysis and synthesis was also used
envelope, ang; are used to specify their temporal locationfor testing time-frequency scaling transformations.



Reconstructed signal
x'(n) < Synthesis |«
E, (1) -— i
.. - 4~ !
Original signal | Matching pursuit Y _ i, ' Scaled signal
x(n) > decomposition +| Scaling —» Synthesis »x'(n')
TFR, |«—
| [TFR]—
4
E
Eor— ) 3
xl’ﬂ(nl)
Synthesis >
TR
Inversed scaled ’
signal 2! 1. ; ;
¥(n) « Synthesis ! Inverse scaling|«—- Matching pursuit o

decomposition

Fig. 2. The evaluation procedure for time-frequency scaling of PCG signals. A scaling/inverse scaling procedure was used to evaluate the performance
of the MP method for the time-frequency scaling of the PCG.

A. Evaluation of the Scaling Transformation Process that the synthesis process generates negligible error compared
Fig. 2 illustrates the procedure used for evaluating tfy4ith decomposition and scaling, the first MP decomposition

scaling transformation process of a PCG sige(al). The Mp  9enerates the errok,,,, (n), which is the residue energy
method decomposes(n) into a number of time-frequency between the original signal(n) and the reconstructed signal

atoms represented by a set of parameker§he summation of z'(n). The second MP decomposition generates the residue

H /
these time-frequency atoms provides a reconstructed versfigif' Y EIoE,,,,2(n) between the scaled signell(n) and the

. N e . :
2/(n), with an error E,,,,(n). The evaluation of this step reconstructed scaled signal(n’). It is possible to isolate the

was discussed in details in [12]. Scaling the parameters of t%%agl?gaféreogi tbhye nqug:nlzfrli’gﬁégioaggjg%ﬁ(lclia lljtse' ?zgci\?e
atoms in time and/or frequency and the synthesis yields {Re gy P

transformed signak’(n’), which could be more useful thanP 0CeS and by computing the total erior(n) betweem(n)
the original signal ' and @(n). If we also assume that the two scaling processes

. contribute equal error, then the scaling error can be estimated
After transformation, the temporal and/or the frequenc

properties of the signal are changed. Therefore, the quantitative
. . : Et_Eml_EmQ

evaluation of the scaling process based on the comparison E, = P P2

of the scaled signal and the original signal is difficult. To 2

facilitate comparison, an inverse scaling of the scaled signgile normalized root-mean-square error (NRMSE) was used

is introduced to transform it back to a version of the origindbr calculating £,,,,1, E,,p2, and E; by using

signal. For instance, if we time scalén) by a factor of 2.0,

(11)

an inverse scaling of the resulting(n’) by a factor 0.5 will N-1 ,
transform it back to a signat(n). Ideally, this transformed ZC (n)
signal should be identical to the original signal, if no distortion NRMSE = 100 % (12)

is introduced in both the MP decomposition and the time )
scaling procedure. The TFR can be calculated for the four Za: (n)
temporal signals: the original signaln), the reconstructed =0

signalz’(n), the time- (or/and frequency-) scaled signdl’),  where V is the number of samples of(n) and ¢(n) is the
and the corresponding inverse scaled sigiat). By visually  difference between the original and the reconstructed signals.
comparing the TFR’s of these signals, we can qualitatively Mallat and Zhang [7] proposed to use the sum of the Wigner
appreciate the effects of the scaling transformations. Furthgistributions of all the individual atoms composing a signal to
more, this is compatible with the human peripheral auditorgpresent its energy distribution in the time-frequency plane.
system which also performs a sort of time-frequency analySifiis approach, which automatically removes the cross-terms
of the signal. between any two Wigner distributions of time-frequency atoms
As shown in Fig. 2, the original signal goes through twickecause each atom is a monocomponent, is called the MP-
the MP decomposition, the scaling process, and the synthdsased Wigner distribution in the present paper to distinguish it
process during the scaling/inverse scaling process. Assumfrgm the conventional Wigner distribution applied to the signal




TABLE |
THE SCALING ERRORSEs (in %) AND THE ATOM NUMBERS M (IN PARENTHESI9
OF THE 11 PCG5 AS A FUNCTION OF THE ENERGY THRESHOLD LEVEL &2 FOR
TIME-SCALING BY A FACTOR OF ¥ = 2. THE CORRESPONDING./ VALUE AND
Ernp ERROR(E,,IP = Empt & E,,,,,,z) ARE GIVEN AT THE TOP OF THETABLE

itself. The MP-based Wigner distribution of the functiof)
in (1) was, thus, represented as

X(n,w) = Z a2 - Wh; (” — si(w =2 f») (13)

=t ' Signal g’ =10" g*=10" g’ =10"
wherea;, s;, p;, f; are the parameters of thh time-frequency =7 =7 =8
atom and E,=010% | E_=10% | E, =10%
Wh(n,w) = 2¢=2(n"+(w/2m)°) (14) Z1 12.8 (468) 12.4 38) 13.0 (40)
is the Wigner distribution of the time-frequency atditn) if 2 14.5 537) 140 1) 132 51)
gi(t) = 2 /4= (t=pi/s:)° z3 9.5 (495) 9.9 (54) 11.6 (46)
The spectrogram of the functiorn(n) was calculated by Z4 16.9 (712) 16.5 (52) 11.7 (63)
L2 VA 21.7 (1175) 21.3 (313) 13.4 (317)
X(n,w) = Z #(n + myw(m)e WM (15) 76 15.6 (1097) 14.9 (250) 19.4 (248)
me—1/2 77 18.1 (1018) 17.2 (257) 37.5 (238)
) . i i 78 8.9 (828) 8.6 (134) 25.4 (125)
where w(m) is a Hanning window. The window length 7 15.4 (949 123 (208) 112 (196)
is L + 1. Both the MP-based Wigner distribution and the 4 (949) 3 -
spectrogram were used for the visual appreciation of the TFR's %412 15.8 (1078) 152 (114) 7.2 (87)
of the original signals and that of the inverse scaled signals. Z11 25.3 (2000) 250(854) | 32:6(813)
Mean 15.9 (943) 15.2 (211) 18.0 (202)

B. Optimization of Parameters

Ir! _the compan,ion paper [_12]’ the e_ffect Sion the decom- 5,y the jnverse scaled representation of Hg,2(n) signal
posmo!ﬂ of PCG’s was studied, and it was foun(_j that a goqgr e = 10~°. The maximal correlation levels were generally
analysis and synthesis performance can be obtained for7. low for all 11 signals (between 0.05 and 0.18)

In order to determine the sensitivity &1, Finyp2, andE; as As shown in Table |, a test was also performed foe= 8
a function of the number of atoms used in the scaling procegs,y .2 _ 194 The results shows tha. is very sensitive

the_egefrgy thgeih(;l(;{lésted fgit(}p the }VIP ||terat|;/e procesls 83ne largest octave valug, since it is significantly modified
varied frome= = ° or a.J value of Seven. In f, some signals (Z4-Z8, 210, and Z11). Consequently, in the

this test, a time-scaling factor = 2 was used. In a Secondsecond test, the values dfand A/ were varied to minimize

test, we optimized the sga]ing process by selecting. th? Vall{ﬁg total error between(n) andz(n). The results are shown
of parameters\/ and.J minimizing £,. To force the limiting in Fig. 3. Fig. 3(a)—(c) gives the average NRMSE’s of the

number of time-frequency atordd to be the stopping criteria [ECONSITUCHION EMTOr¢Ey,1 + Enmps), the time-scaling error

for the de<2:omp05|t|0n process (thus, = M), the energy E,, and the total errof, of the 11 PCG's for different values
thresholde* was set to zero. Paramet& was then varied
. of M (50, 100, 150, 200, and 250) wheh= 6, 7, and§,
over a range of 50-250 with steps of 50 for= 6,7, and8. . .
respectively, and decrease & increases for all the cases,
and.J = 8 and 7 give similar errors which are lower than
those of.J = 6. On the contrary E, increases with\M/, and
for J = 7 it is lower than forJ = 8 and 6. For a given
A. Time-Scaling of the PCG'’s J,E, of the whole process does not vary significantly as a
Table | shows that the number of atoms required to correcfiynction of M. It is clear that/ = 7 gives the minimumz
represent a PCG signal vary significantly depending on tfey all the atom numbers. The best time-scaling performance
type of heart pathology. It also demonstrates tBatdid not Wwas obtained whew = 7 and M = 150.
change when the threshold criteid was increased from Fig. 4(a) shows an example of the original PCG of aortic
1076 to 104, even if the total number of atom&/ was regurgitation, and Fig. 4(b) shows its time-scaled version by
highly reduced (from two up to more than ten times). These factor v = 2 in two sections. We can see that both
results clearly demonstrate that, can be isolated from the the waveform and the envelope of the signal are preserved
scaling/inverse scaling process, singg,,; and E,,,, are after the time-scale transformation. The corresponding MP-
negligible compared taZ,. The maximal correlation levels based Wigner distributions and spectrograms of the PCG’s
betweenE,,,,,1 (n) and E,(n) and betweer,,,,; (n) andz(n), of Fig. 4(a) and (b) are shown in Fig. 6(al) and (bl) and
for each PCG signal and fof = 7, were always<0.081 Fig. 6(a2) and (b2), respectively. The spectrograms were com-
for €2 < 107% and <0.21 for £2 = 10~*. According to this puted by using a Hanning window of 66.7 ms with a window
test, it appears thak,,,1(n) and E,(n) were not correlated shift of 1.33 ms (2.76 ms for the scaled PCG). The duration
whene? < 107°, Whene? = 1074, these error signals wereof the discrete Fourier transform was the same as that of
weakly correlated for Z1-Z4 and not correlated for the othéne Hanning window. It can be noticed that the time and
signals. A similar test was also performed betwdgp,,(n) frequency resolutions of the MP-based Wigner distributions

IV. RESULTS



TABLE I
THE MiNiMuM ToTAaL ERRORS (IN %) oF THE 11 PCGS wiTH THE CORRESPONDING .J
VALUE AND NUMBER OF ATOoMS M FOR TIME-SCALING BY A FACTOR OF v = 2

Signal NRMSE of | NRMSE of | NRMSE of | NRMSE of 1 m
£, (%) E,p2 (%) E (%) E (%)
Z1 0.25 0.23 12.47 25.43 7 200
72 0.37 0.58 12.07 25.09 8 150
73 0.46 0.62 8.89 18.86 7 100
74 0.38 0.38 10.69 22.15 8 150
75 1.51 2.14 12.10 2785 8 150
76 0.99 1.69 14.05 30.78 7 250
7 1.05 2.05 16.17 35.44 7 250
78 1.69 1.75 6.76 16.96 7 100
Z9 0.95 1.45 10.52 23.44 8 200
Z10 0.93 0.50 7.03 15.49 8 100
Z11 7.45 6.64 14.94 43 96 7 250
Mean 1.46 1.64 11.43 25.95
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Fig. 3. Average errors of the time-scaling transformation as a function cg ] )

the number of atomd$/ and the maximum octave valug = 6, 7, and 8. 0 500 10'00
(a) The reconstruction errqtE;p1 + Emp2). (b) The time scaling error
(Es). (c) The total errotE:. The best value of which is seven is relatively
independent of the value a¥/.

Amplitude
f=)
2
=

are much higher than those of the spectrograms. The MP- 1500 2(05’)0 2500
based Wigner distributions (which has no cross-term) give
. . Time (in ms)
a clearer presentation of the PCG while the spectrograms 4. (@) The original PCG of aort tation. (b) The ed
. : H . 4. a, e originai of aortic regurgitation. e time scale
provide a k_)lurred TFR of the CorreSPOI?dmg Slgnalj For bo%al of (a) by factory = 2. (c) The frequency scaled signal of (a) by factor
TFR techniques, the frequency resolution of the time scaled= 2. (d) The time-frequency scaled signal of (a) by factorsyot= 2

PCG is better than that of the original PCG. The first an’ﬂldf = 2. This fig_ure clearly shows the effectiveness of the method for
the second heart sounds have a duration of about 100 ms taer(ej—frequency scaling of the PCG.

a frequency bandwidth below 180 Hz. In the spectrogram,

each sound appears to have two spectral components whilanularity of the murmur is clearly seen on the MP-based
in the MP-based Wigner distribution more components caiigner distributions.

be distinguished. Both TFR’s show that the murmur of aortic Table Il gives, for a time scaling transformation by a factor
regurgitation begins almost with the second heart sound apfd2.0, parameterd and M, and the minimum total error for
ends approximately 130 ms before the onset of the first headach of the 11 PCG’s. These values were selected such that

sound. Its frequency bandwidth is between 180-400 Hz. Ttee maximum value oF,,,,, or E,,;,» was<2.2%, except for



Z11. The mean value aF,; is 25.95% which is about 3.5%

o 1 T y T T T T T
less than the result obtained by usifig= 7 andM = 150 for £ 2 i v s ~“WM
all PCG’s [the minimum point of Fig. 3(c)]. 24 [ .

0 500 (@) 1000
B. Frequency-Scaling o1 i i i . . i :
The total errors between the original PCG’s and the inversiEU SE'J\/W\:“ a—-—- + 2 “J\Mﬂ'

scaled PCG's after frequency-scaling turned out to be almostt; _ 1060
the same as those of the time-scaling when the scaling fac- ()
tors were identical. This phenomenon is due to the scaling , . . . i . [ . .
operation of the MP. For instance, (16) is for time-scaliné;o % e Bk , 5 ,JWLA
with # =~ -t,p; = v-p;, s, = - s;, while (17) describes £ , , .
frequency-scaling by a factat 0 500 1000

d(y-t) = Z aigi
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t—ep;
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1=0 Fig. 5. (a) The original PCG of aortic regurgitation. (b) The inverse time
Wheny = £, each time scaled atom has exactly the sarﬁeale? Sfignal Of( F)igb- 4f(b) by factorz(g)ﬁ- rfc) The inverse ;requency scallecé
T ignal of Fig. 4(c) by factot = 0.5. The inverse time-frequency scale
numbgr of cycles of OSC'_”atlon _as the freqqency scal_ed atozrilﬁnal of (a) by factors ofy = 0.5 and¢ = 0.5. The inverse-scaled PCG
but with a longer duration( times). For instance, if we signals appear to be very similar to the original PCG signal.
take one sample for every two in the time scaled signal

of Fig. 4(b), essentially, the frequency scaled signal shown!n Fig- 4, the maximal amplitudes, of the time scaled and
in Fig. 4(c) is obtained. Fig. 6(a3) and (b3) shows the vphe joint time-frequency scaled PCG’s are slightly lower than

based Wigner distributions and spectrograms of Fig. 4((1: ose of the original PCG and of the frequency scaled PCG.

respectively. We can see that the corresponding atoms Ris is due to the norm ofii(t) which must be equ’al to one.
shifted up in frequency by a factor @f= 2. Consequently, increasing the window scale factdrréesults

in a decrease of the window amplitude. The inverse scaling has
o . the opposite effect, as shown in Fig. 5(b)—(d) where the inverse
C. Joint Time-Frequency Scaling scaled versions of the PCG's of Fig. 4(b)—(d) are presented.
The 11 PCG’s were also used to evaluate the joint time-In Table I, the large and errors appearing for Z11 are due
frequency scaling technique, with the octave valdes= 6, to the high complexity and random structure of the pericardial
7, and 8, and the number of atom& = 50, 100, 150, 200, rub signal. When the number of atom was increased above 250
and 250. Fig. 7 shows the NRMSE's for the different valuego reduce theE,,, errors to less than 2.5%, the scaling error
of M and./. The results are similar to those of Fig. 3, buincreased rapidly. FoR! = 750, the errors werek,,,; =
the total errorE;, is always lower in Fig. 7 than in Fig. 3, 1.29%, E,,,,» = 1.95%, E, = 23.81%, and £, = 50.86%.
andJ = 8 gives the minimum error. From the waveform ofComparing the errors of the time-scaling and the joint time-
the joint time-frequency scaled signal shown in Fig. 4(d), ftequency scaling of Figs. 3 and 7, it is observed that the
can be seen that both the duration and the oscillations of eagtors caused by the scaling transformation are smaller for
sound component have been doubled while the envelopetloé joint time-frequency scaling of all 11 PCG’s. This was not
the PCG is similar to that of the other PCG’s. Fig. 6(a4) anekpected because the joint time-frequency scaling involves the
(b4) shows the TFR’s of the joint time-frequency scaled PCfodification of three parameters instead of two for the time-
of Fig. 4(d). Because of this double scaling transformatioscaling process. In an attempt to explain this phenomenon, we
each time-frequency atom is better separated from the otlegamined the phase variation between the decomposed atoms
ones. The improvement of the time and frequency resolutioofthe original PCG’s and the corresponding time scaled PCG’s
is more striking for the spectrogram. or joint time-frequency scaled PCG’s. We found that after joint
time-frequency scaling, the phases of the atoms were better
preserved than those of the time scaled PCG’s. The increased
V. DISCUSSION AND CONCLUSION time-frequency resolution of the joint time-frequency scaling
The results of this study show that the performance cobuld also be responsible for this effect. Further studies are
the time-frequency scale transformations is sensitive to thequired to elucidate this finding.
variation of the maximum octave valugand the number of  The time-frequency shifted versions of the 11 PCG signals
atomsM used in the decomposition process. We also fourdhve been informally evaluated through listening by an ex-
that the values of the parameters giving the best performammzienced cardiologist. He found that the time-scaling of the
for the time scale transformation for each PCG varied signiffCG signals kept the sound quality of the original signals
cantly, and no common rules could be obtained to define fixadhile having a slower tempo. We believe that the time-
parameters for different PCG’s. frequency scaling of the PCG may find important applications
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Fig. 6. The MP-based Wigner-distributions (left panels) and spectrograms (right panels) of (al), (b1) the original signal of the pathological PCG of Fig. 5,
(a2), (b2) the time scaled signal by factor of= 2, (a3), (b3) the frequency scaled signal by factorfof 2, and (a4), (b4) the time-frequency scaled
signal by factors ofy = 2 and¢ = 2. This figure qualitatively shows that the structure of the original PCG signal is preserved after time, frequency,

and both time and frequency scaling of the PCG signal.
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in the improvement of 1) the teaching of auscultation and 24f]
the diagnosis of heart and heart valve disease. An example
of the first application is the following: A student is using [7]
a computer having a data base of normal and pathological
PCG's for learning of cardiac auscultation. The complex cases;
of auscultation are known and the scaling procedures (time,
frequency, or both) improving the detection and identificatioqg]
of sound components difficult to distinguish by auscultation

are available as additional files. The student can listen Ill
ternatively and repeatedly to these files using an electronic
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